In overt reading and singing tasks, actual vocalization of words in a rhythmic fashion is performed. During execution of these tasks, the role of underlying vascular processes in relation to cortical excitability changes in a spatial manner is uncertain. Our objective was to investigate cortical excitability changes during reading and singing with transcranial magnetic stimulation (TMS), as well as vascular changes with nearinfrared spectroscopy (NIRS). Findings with TMS and NIRS were correlated. TMS and NIRS recordings were performed in 5 normal subjects while they performed reading and singing tasks separately. TMS was applied over the left motor cortex at 9 positions 2.5 cm apart. NIRS recordings were made over these identical positions. Although both TMS and NIRS showed significant mean cortical excitability and hemodynamic changes from baseline during vocalization tasks, there was no significant spatial correlation of these changes evaluated with the 2 techniques over the left motor cortex. Our findings suggest that increased left-sided cortical excitability from overt vocalization tasks in the corresponding "hand area" were the result of "functional connectivity," rather than an underlying "vascular overflow mechanism" from the adjacent speech processing or face/mouth areas. Our findings also imply that functional neurophysiological and vascular methods may evaluate separate underlying processes, although subjects performed identical vocalization tasks. Future research combining similar methodologies should embrace this aspect and harness their separate capabilities.
organized according to syntactic rules (Trehub, 2003) , overlapping or separate processing systems may be involved, in terms of cognitive and motor demands (Peretz & Colheart, 2003) .
It was first shown with transcranial magnetic stimulation (TMS) that reading increased left-sided corticospinal excitability, evidenced from right upper limb recording of motor-evoked potentials (MEP; Tokimura, Tokimura, Oliviero, Asakura, & Rothwell, 1996) . Subsequently, much progress has been made to address these issues. Imaging studies (Bestmann, Baudewig, Siebner, Rothwell, & Frahm, 2004) , as well as those employing rTMS (Munchau, Bloem, Irlbacher, Trimble, & Rothwell, 2002) , have shown that there is functional connectivity between separate cortical areas. In a previous study, we reported changes in cortical excitability in the hand areas following the cognitive task of generating a deceptive response . In a separate study, our findings complemented those from neuroimaging and supported the existence of separate bilateral deep-seated neural networks for singing tasks, as distinct from those for vocalization (Lo, Fook-Chong, Lau, & Tan, 2003) . Most recently, we showed that singing resulted in right-sided prolongation of ipsilateral silent period and bilateral reduction in contralateral silent period. Reading led to reduced contralateral silent period duration with right-sided TMS only, but no significant inhibitory changes, both ipsilateral and contralateral, were evident with humming. The findings support the presence of enhanced interhemispheric inhibitory motor interaction during singing, as opposed to reading tasks, in dynamic word generation coupled with production of melody (Lo & Fook-Chong, 2004) .
Although TMS readily explored changes in cortical excitability from overt vocalization tasks and demonstrated functional connectivity electrophysiologically, it cannot shed light on underlying vascular changes relevant during these tasks. Other methods of functional imaging, such as fMRI and PET, have been used independently to study vocalization mechanisms. Both methods are inherently dependent on oxygenation changes in the vascular and adjacent tissue compartments. For fMRI, detection of reduction in concentration of deoxy-Hb is the main mechanism to ascertain regional cerebral activation. In situations when these changes are not evident, as well as presence of movement artifacts during overt vocalization tasks, real activation might be overlooked. Although PET is sensitive to changes in regional cerebral blood flow (rCBF) as a marker of neuronal activity, the high radiation load involved may limit its utility.
Near-infrared spectroscopy (NIRS) relies on the interaction of light with tissues, characterized by absorption and scattering. The most relevant compounds (chromophores) in this frequency range are oxyhemoglobin (oxy-Hb), deoxyhemoglobin (deoxy-Hb), water, and lipids. The detection of photons is based on an approximation of the photon migration theory called the modified Beer-Lambert Law (Boas, Dale, & Franceschini, 2004) . NIRS allows for quantitative ascertainment of concentrations of chromophores, which enables local noninvasive monitoring of metabolic activity of brain tissues. Optical imaging setups possess the advantages of good temporal resolution, tolerance of motion artifacts, safety, portability, low cost, and are potentially adjunctive to other imaging methods. The most attractive application for optical imaging methods such as NIRS would be its potential as an alternative brain functional imaging tool.
There remain several unanswered questions in which coregistration of NIRS with TMS may contribute to our understanding of these vocalization processes. It would further determine the role of underlying vascular processes in relation to cortical excitability changes in a spatial manner. In this study, we hypothesize that there is significant electro-vascular coupling during the vocalization tasks of reading and singing. To fully explore if left-sided cortical excitability changes observed with TMS during vocalization tasks were related to an underlying metabolic process, we examine cortical excitability changes during reading and singing with TMS, as well vascular changes with NIRS.
Methods

TMS Motor Output Mapping
All five subjects (mean age: 31, range: 25-36, all male and right-handed) gave informed consent before TMS was performed. Patients with a past history of seizures, heart disease, and intracranial operations were excluded. None of the subjects had any formal vocal training or were choir members. However, all were able to cooperate fully by singing the required tune. The experimental procedures were previously approved by the institutional review board.
Motor output mapping was performed with a Magstim 8-shaped magnetic coil (Magstim Company, Whitland, UK) positioned tangential to the scalp for inducing an anteromedial current at 45° to the sagittal plane. A tight-fitting cap comprising nine grid positions 2.5 cm apart anteroposteriorly and mediolaterally was placed on the left scalp, with the "optimal position" (Position 5, point eliciting MEPs of lowest threshold and highest amplitude) in the center of the grid. Each position was stimulated 10 times at 110% resting motor threshold at 5-s intervals. The resting motor threshold was defined as the lowest stimulation intensity to elicit a minimum of 5 MEPs out of 10 stimulations at an oscilloscope gain of 50 V/division, at Position 5. A position was considered unexcitable if all 10 stimuli failed to elicit an MEP at an oscilloscope gain of 50 V/division. While obtaining output maps, mean MEP amplitudes from the 10 stimuli at each position were used to determine the center of gravity (COG). The COGs were calculated with the formula [∑ i a i x i /∑a i , ∑ i a i y i /∑a i ] for scalp sites (x i , y i ) in cm from the vertex and a i as amplitude in mV. TMS of the nine positions was performed in a randomized fashion.
MEPs were recorded in the first dorsal interossei muscle using surface electrodes (belly tendon configuration). The amplifier filter settings were from 10 Hz to 5 kHz. Oscilloscope settings were at 2 mV/division gain and 5 ms/division sweep. Figure 1 shows the relative locations of the nine positions over the left scalp. Table 1 summarizes TMS data for all five subjects.
NIRS
NIRS recordings were performed with the subject seated comfortably in a quiet room. The NIRO-200 Niro Monitor (Hamamatsu Photonics KK, Japan) was used to record changes in oxy-Hb and deoxy-Hb levels. Change in total Hb (t-Hb) was calculated as the sum of the changes in oxy-Hb and deoxy-Hb levels (see Figures  2A-2C ). These changes were measured using a probe holder consisting of a pair of detection and emission probes (wavelengths 775 nm, 810 nm, and 850 nm) placed 2.5 cm apart. The use of 2.5 cm as the interoptode distance was based on previous studies addressing the technical issues of NIRS. It is well known that a distance above 2 cm is required to ensure light penetration of approximately 2 cm (Hebden & Delpy, 1997; McCormick, Stewart, Lewis, Dujovny, & Ausman, 1992) so as to allow for adequate detection of hemodynamic changes. The probes were firmly pasted onto the subject's scalp, and change in Hb readings at each position were recorded every 0.5 s (i.e., at a sampling frequency of 2 Hz).
We ensured that recordings were made at positions as close as possible to those where TMS was performed. The nine positions were already marked on the scalp after TMS. The positions served as midpoints between the pair of emission and detection NIRS probes.
Before the start of each task, the subject underwent a rest period and the mean change in Hb was obtained. This value was subtracted from the data obtained during the task. The data were then passed through a zero-phase Butterworth lowpass filter with a cutoff frequency of 0.5 Hz. This filter removes the presence of any high-frequency noise contaminating the data.
Vocalization Tasks
During both TMS and NIRS recording, subjects performed reading and singing tasks. Reading consisted of a 50-word passage from a medical journal, chosen deliberately to be free of emotion-provoking content. Subjects were instructed to read aloud continuously until they were told to stop at 2 min. Singing consisted of continuous vocalization of the familiar "Happy Birthday to You" song, and again, subjects sang aloud continuously until they were instructed to stop at 2 min. Reading and singing tasks were repeated twice, and a rest period of 2 min was interspersed between each task.
For reading, apart from averaging by repeating the task, subjects were instructed to read at a constant speed and volume. Each subject had two practice runs before the actual recording to ensure that the overall effort was similar across subjects. For the singing task, we ensured that all subjects were able to articulate and reproduce the melody before they were enrolled. Because the total time was 2 min, the number of times the song was repeated served as a useful guide for the speed of vocalization.
Both NIRS and TMS studies were performed during these tasks, but the order of positions studied was done in a randomized fashion. Because the nature of the experiments required determination of Position 5 (optimal position), in order that the other positions be marked, all subjects had TMS performed before NIRS recordings, separated by one day's duration.
Statistical Calculations
The mean and standard deviation of the data obtained from each of the nine positions were analyzed. All data were tested with SPSS Version 10.1 for Windows. Student's t test and Pearson's correlation were employed as appropriate. COGs showed changes from baseline in the x and y axes for both tasks. These are summarized in Table 2 . 
Results
TMS
NIRS
NIRS Versus TMS Correlation
Oxy-Hb. There was no significant correlation of mean NIRS changes from baseline over the nine positions with mean MEP amplitude changes from baseline for both reading (Pearson's correlation coefficient r = .16, p = .45) and singing (Pearson's correlation coefficient r = .04, p = .45).
For reading, maximum hemodynamic changes measured with NIRS occurred at Position 1; whereas, maximum changes in cortical excitability evaluated with TMS occurred expectedly at Position 5 (optimal position). For singing, maximum hemodynamic changes measured with NIRS occurred at Positions 3 and 7; whereas, maximum changes in cortical excitability evaluated with TMS occurred expectedly at Position 5 (optimal position).
Deoxy-Hb. There was no significant correlation of mean NIRS changes from baseline over the nine positions with mean MEP amplitude changes from baseline for both reading (Pearson's correlation coefficient r = .14, p = .38) and singing (Pearson's correlation coefficient r = -.09, p = .56).
For reading, maximum hemodynamic changes measured with NIRS occurred at Position 8; whereas, maximum changes in cortical excitability evaluated with TMS occurred expectedly at Position 5 (optimal position). For singing, maximum hemodynamic changes measured with NIRS occurred at Position 8; whereas, maximum changes in cortical excitability evaluated with TMS occurred expectedly at Position 5 (optimal position).
T-Hb.
There was no significant correlation of mean NIRS changes from baseline over the nine positions with mean MEP amplitude changes from baseline for both reading (Pearson's correlation coefficient r = .17, p = .28) and singing (Pearson's correlation coefficient r = -.03, p = .87).
For reading, maximum hemodynamic changes measured with NIRS occurred at Position 1; whereas, maximum changes in cortical excitability evaluated with TMS occurred expectedly at Position 5 (optimal position). For singing, maximum hemodynamic changes measured with NIRS occurred at Position 9; whereas, maximum changes in cortical excitability evaluated with TMS occurred expectedly at Position 5 (optimal position).
Figures 3A through 3F depict NIRS data graphically, and Figures 4A and 4B show TMS data. Note. All units in cm. TMS = transcranial magnetic stimulation.  = change from baseline in cm.
Discussion
NIRS is an optical method to evaluate hemodynamic changes by virtue of optical changes in the intravascular compartment (Villringer & Chance, 1997) . Brain activation is associated with increased oxy-Hb and decreased deoxy-Hb, but the converse is observed in deactivation (Hoshi, 2003; Hoshi & Tamura, 1997) . Although other imaging methods such as fMRI and PET (Paus et al., 1997; Horovitz & Gore, 2004; Kang, Constable, Gore, & Avrutin, 1999) have been employed in conjunction with TMS for studies in cognition (Hoshi et al., 1994) , this is the first instance in which NIRS has been used in conjunction with single-pulse TMS (Bestmann et al., 2004) for vocalization tasks. We set out to examine the spatial correlation in terms of electro-vascular coupling during the motor control of vocalization. In this respect, we have included subjects who demonstrate uniform capabilities of performing the required tasks. To ensure further validity, we have not only included nine positions of interest studied with both methods, but have recorded a mean of 10 MEPs at each point, in addition to repeating each vocalization task twice during NIRS recording. These have ensured adequate quality control versus quantity throughout the course of the experiments.
Using TMS, we showed that both overt reading and singing tasks resulted in significantly increased left-sided cortical excitability averaged over nine stimulation positions around the optimal position. This was evidenced by increased MEP amplitudes from baseline, changes in COGs, and lack of differences in the "H" reflexes, suggesting that excitability modulation occurred at the supraspinal level. Similarly, with NIRS, recording over the nine identical positions during similar tasks resulted in significantly increased oxy-Hb changes compared with baseline. This suggests significant brain/neural activation might have occurred, consistent with that observed in other studies involving vocalization (Matsuo, Watanabe, Onodera, Kato, & Kato, 2004; Sakatani, Xie, Lichty, Li, & Zuo, 1998 ), but was not accompanied by a corresponding change or decrease in deoxy-Hb. Although the exact reasons remain to be investigated, these observations might imply "vascular hyperflow" and suggest that the underlying vascular processes might be different from those involved in typical brain activation during reading and singing tasks. Moreover, comparing TMS and NIRS, we did not find significant correlation of cortical excitability and all three NIRS parameters over the left motor cortex, suggesting that vascular and neuronal excitability processes were not occurring at spatially similar locations.
Our results, hence, suggest that increased left-sided cortical excitability from overt vocalization tasks in the corresponding "hand area" were the result of "functional connectivity," rather than an underlying "vascular overflow/hyperflow mechanism" from the adjacent speech processing or face/mouth areas. This was shown with measurements of oxy-Hb, deoxy-Hb, and t-Hb recordings. Moreover, the maximum changes in cortical excitability evaluated with TMS were at different positions from those where maximum changes in NIRS parameters occurred. This was again evident for all the three NIRS parameters.
Functional connectivity between the hand motor and language areas is well recognized and has been shown with TMS in both normal subjects (Lo, FookChong, Lau, et al., 2003; Tokimura et al., 1996) and aphasic stroke patients during reading tasks. This coactivation phenomenon might be mediated by the premotor mirror neuron system (Meister et al., 2006) . These reports show that single-pulse TMS and repetitive TMS may both be employed to demonstrate cortical excitability changes within a distributed, interconnected functional neural network (Siebner & Rothwell, 2003) .
A potential limitation of the current protocol was the lack of simultaneous NIRS and TMS performed during each task. Although studies were separated by 1 day's duration to annul possible effects of TMS, rapid changes in cortical excitability may occur during this interval (Classen, Liepert, Wise, Hallett, & Cohen, 1998) . A future technical challenge would be to enable real-time coregistration of both of these techniques.
What are the practical implications of our findings? Our results indicate that functional neurophysiological and vascular methods may evaluate separate underlying processes, although subjects performed identical vocalization tasks. Therefore, future research combining similar methodologies should embrace this aspect and harness their separate capabilities. Previous studies using NIRS have been employed in poststroke aphasia and language lateralization. Significant differences in language-activated hemodynamic changes in the left prefrontal region were found in aphasic and nonaphasic stroke patients (Sakatani et al., 1998) . In this situation, TMS can provide functional assessment of cortical excitability changes as an alternate measure of neuronal activation in the motor area. In a study comprising 16 patients, NIRS correctly revealed increased lateral inferior frontal total Hb concentration congruent with handedness in 11 of 16 epileptic patients, in comparison with the intracarotid amobarbital test (Watson, Dodrill, Farrell, Holmes, & Miller, 2004) . The addition of TMS in this situation may provide additional value in language lateralization by virtue of motor cortex excitability changes.
Traditionally, most functional imaging studies have documented concomitant increased cortical excitability in tandem with vascular/hemodynamic changes using fMRI and PET (Hamzei, Liepert, Dettmers, Weiller, & Rijntnes, 2006; Strafella & Paus, 2001) . In this NIRS/TMS coregistration study, the lack of correlation we found in both vocalization tasks certainly raises the question of how excitation in one cortical area simultaneously affects an adjacent area. This calls to mind the issue of functional connectivity between contiguous brain areas. Several lines of evidence support the presence of this phenomenon. Mammalian studies have suggested a role for single neurons in specifying connectivity in an intrinsic functional coordinate system (Llinas, 1988) . By means of statistical modeling of digitally constructed neurons, it has been shown that dendrite morphology does not occur at random in a network of neurons, further suggesting their roles in functional connectivity (Samsonovich & Ascoli, 2006) . Finally, human studies demonstrating coactivation between cerebral representations of hand and language have implicated the role of mirror neurons (Meister et al., 2006) .
In summary, the current study has used a novel combination of NIRS and TMS to examine the spatial relation between hemodynamic and cortical excitability changes during vocalization. NIRS and TMS were found to evaluate separate cortical aspects during overt vocalization tasks in this study. The changes in cortical excitability shown were not likely to be metabolically demanding processes. The findings have highlighted certain aspects of cortical motor control contrary to existing concepts and have paved the way to further research into these aspects. These findings are also of interest for future studies requiring spatial correlation of cortical hemodynamics, blood oxygenation, and neuronal excitability modulation.
